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ABSTRACT 
Wear resistance and Frictional stability are key performance requirements for brake lining. Automotive brake 
linings are usually made of various ingredients such as binder, filler, friction modifiers and reinforcement. 
Rockwool is a mineral fiber and steel fiber is a metallic fiber. In this work reinforcement fibers used are both 
the mineral and metallic fibers with six different composition prepared and tested. The result shows that me-
tallic fibers should be high compared to mineral fiber for best frictional performance and wear resistance. 
Friction-wear properties of the reinforced samples were investigated on the cast iron disc as a counterpart 
using a pin on disc wear tester. The investigation confirmed that the sample with increase in steel fiber (4%, 
8% and 12%) improves the wear resistance. On the other hand specimen with high content of Rockwool fiber 
forms an improper ratio among the other ingredients. The SEM images of the sample indicated that an in-
crease in steel fiber higher than 12% content resulted in adhesive wear.Analysis of the experimental result 
shows that the sample with 12% steel fiber and 8% Rockwool fiber exhibited the optimum friction-wear be-
havior. Finally the effect of environment on the composites was investigated in water, salt water and oil. 
Keywords: Brakes, rolling friction, steel fibre, rockwool fibre, EDS, SEM 
1. INTRODUCTION 
The essential component in a braking system are brake drum (rotating part) and brake lining which is the 
stationary part to press against the brake drum to slow or stop the rotation [1]. Brake linings are designed to 
withstand stable, humidity, wear and reliable friction force [2]. Brake friction materials have evolved signifi-
cantly over the years. They have gone from asbestos to organic to semi-metallic formulations. Each of these 
materials has proven to have advantages and disadvantages regarding environmental friendliness, wear, noise 
and stopping capability.  
 Reinforcing fibers are included in the brake lining to maintain the strength, thermal stability and fric-
tion properties [3,4]. Fibers in brake lining determine wear stabilization, wear minimization and friction op-
timization under a dynamic set of operating variables such as braking force, sliding speed, braking duration 
and braking temperature [5,6].  (commercial brake lining contains 16-20% of reinforcing fibers [6]).  
 Along with fibers, binders, fillers, lubricants and abrasive particles are added to improve the friction 
properties. Among many ingredients, the fiber plays a crucial role in determining the friction properties. Usu-
ally brake lining consists of 5–25 vol% of reinforcing fibrous ingredient which influences the brake 
achievement [7].  While braking, pads are in direct contact with the braking drum and transfer the pressure 
of 1.2 MPa during soft braking and 10 MPa in extreme condition. steel and copper fibers have a higher 
strength to withstand the function of direct and sliding contact of the brake drum. The main drawback is that 
copper decreases the coefficient of friction [8-10].  
 Rockwool is a type of inorganic fiber which is primarily used in the heat preservation projects in ar-
chitecture-building, industry and shipbuilding because of the best heat-insulation, sound-insulation, stable 
chemical capability and incombustibility. Rockwool is a furnace product of molten rock at a temperature of 
about 1600°C, through which a stream of air is blown.  Braking is to decelerate the velocity of a vehicle, 
whereas kinetic energy of brake drum is transferred in to thermal energy which is reflected in increasing the 
temperature of brake lining.  Rockwool fiber has a thermal conductivity of 0.045 W/mK which will reduce 
the heat transfer from the drum to pad [11,12]. Alumina is the most stable element in the brake lining materi-
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al due to their inherent thermal stability. Cashew friction dust is used to improve friction stability at elevated 
temperature and it is the organic ingredient which helps to remove the pyrolyzed friction film at the friction 
interface [10]. Graphite is extremely resistant to heat and highly chemically inert in contact with almost any 
other material. It is  used in brake lining with the need to substitute for asbestos.  Antimony trisulfide will 
ignite at higher temperature and does not react with water at room temperature [13]. 
 Designing friction brake material is often based on experience or a trial and error method to make a 
new formulation. It has long been claimed as a problem of multistage optimization right from selection of 
ingredients to processing till reaching at appropriate set of performance criteria [13-17]. In our previous 
work, there was clear and substantial studied were carried on the effect of Cardanol in phenolic resin binder 
[18]. 
 A limited number of studies investigating the effect of reinforcement fibers in brake pad materials are 
available in the literature and complete analysis of the keyrole of reinforcement fiber is seldom found. In this 
experiment steel and rockwool fiber increased up to 20% by increasing 4, 8 ,12, 16 and 20%.  
2. EXPERIMENTAL WORK 
2.1 Materials 
Rock wool fiber (B M marketing and trading pvt. ltd., Chennai), Steel fiber (Ryan international, Mumbai), 
Cardanol and cashew dust (Satya Cashew chemicals pvt. ltd., Chennai), Phenol formaldehyde (Esterkote pvt. 
ltd., chennai) and Calcium carbonate, antimony trisulfide, graphite, calcium silicate, alumina and silicon (All 
from metro scientific company, chennai) were used during investigation. 
2.2 Sample Preparation 
All the ingredients were weighed using an analytical balance instrument and mixed using a blender (electron 
EBR 100) for 6 min at 10000 rpm in room temperature (30
0 
C). Fibers (Steel fibers and Rock wool fiber) 
were added initially followed by the required quantity of filler (calcium carbonate), abrassive (alumina), 
lubricants (antimony trisulfide and graphite) and friction modifiers (vermiculate, calcium silicate and cashew 
dust) added simultaneously. Finally binder material was added [10]. Table 1 shows the ingredients of the 
friction material investigated in this work. For analyzing hardness, bulk density, compressibility, porosity 
and wear properties of the specimen, two different molds (size: 150 x 150 x 3 mm and φ5 x 32 mm) were 
used for pressing. 
 
Table 1:  The ingredients of the friction material investigated in this work  
 
Raw Materials ( % in Weight ) RF20 RF16 SF4 RF12 SF8 RF8 SF12 RF4 SF16 SF20 
Cardanol Phenol Formaldehyde 
Resin 
20 20 20 20 20 20 
Rockwool fibre 20 16 12 8 4 0 
Steel fibre 0 4 8 12 16 20 
CaCO3 20 20 20 20 20 20 
Alumina, Cashew dust, Calcium 
Silicate, Vermiculate, Silicon 
32 32 32 32 32 32 
Antimony trisulfide, Graphite 8 8 8 8 8 8 
  
            The die was preheated to 180 °C and pressure of 160 kg/cm
2 
was applied over a mixture for a 
molding time of 6 min. Molding involves several stages: initial molding, elastic–plastic deformation and 
particle fracture or fragmentation [14]. During the initial stage, rearrangement of powder particles, which 
leads to the filling of large voids and the break up of particle bridges. In the elastic–plastic stage, the applied 
pressure is further increased and plastic deformation occurs locally at the inter particle contact points. In the 
final stage of molding, plastic deformation becomes widespread, accompanied by shearing, generation of 
new oxide-free surfaces,  cold welding of contacting surfaces and accompanied by reduction in porosity. 
 Subsequently it is post cured at a constant temperature of 180
0
C by placing the samples 
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(Dimension: 150 x 150 x 3 mm and φ5 x 32 mm) in a preheated furnace for 4 hrs. Because the particles of a 
material are joined together and gradually reducing the volume of pore space among them, enhances curing 
uniformity, reduces thermal expansion 
2.3 Test and analysis 
Specimens were sectioned and examined using scanning electron microscope (SEM) model EVO MA15 
to determine mixing of friction materials. Prior to SEM evaluation, the specimens are coated with gold 
using plasma sputtering apparatus Edwards sputter coater model S150B. For the energy dispersive X-ray 
analysis of the specimen, an Oxford instruments Nanoanalysis  INCA Energy 250 Microanalysis system 
(EDS) was used. The environmental effect of the friction material were determined at room temperature and 
measured by ASTM D 570-77 standard with water, salt water and SAE 20w-40. Using Rockwell hardness 
tester hardness of friction material specimen was measured. Bulk density was measured by the water dis-
placement technique using the standard SAE J380. Compressibility measurement was performed using a 
compression tester and it is obtained from the slope of the height change as a function of applied pressure. 
The crosshead speed of the machine was kept at 0.5 mm/min [18].  
 A material is tested using pin on disc apparatus which provides automatic acquisition of friction coef-
ficient and wear measurements. It gives stable coefficient of friction once running in phase is achieved. Wear 
test was conducted using DUCOM wear and friction monitor - TR 20 with grey cast iron as   the counter 
part with a diameter of 120 mm. All the testing procedures were operated by a WinDucom data acquisi-
tion system on a computer using the ASTM G-99 standard. The size of a single composite material is 8 mm 
diameter and a length of 32 mm. The disc was ground to a smooth surface finish and renewed for each test. 
The samples were placed on the wear disc and the sliding wear tests were carried out at various time and 
speed. The test was conducted in a load range of 20 N at a sliding velocity of 2 - 4 m/s and at sliding distance 
of 6.3 km. For each specimen the testing time is 2100 s by varying the speed (300, 500, 700 RPM) with re-
spect to 700 s. After each test, the specimens were removed, cleaned in acetone and weighed with an elec-
tronic balance within an accuracy of 0.1 mg. The friction force (F) was continuously monitored during the 
wear test for determining the coefficient of friction (μ). The friction force was measured for each pass and 
then averaged over the total number of passes for each wear test.  
3. RESULTS AND DICUSSIONS 
3.1 Properties of Composites 
Table 2: Properties of the specimen 
Properties RF20 RF16 RF12 RF8 RF4 RF0 
Bulk Density (g/cm
3
) 13.3 12.6 12.1 11.8 12.3 12.7 
Compressibility(10
-3
mm/kN) 5.17 5.04 4.96 4.88 4.95 4.97 
Porosity (%) 1.66 1.72 1.87 1.94 1.91 1.92 
Hardness (HRB) 51 49 46 46 44 43 
 
            As seen from the table 2 most of the property such as bulk density, compressibility and porosity 
(RF20 > RF16 > RF12 > RF0 > RF4 > RF8) decreased slightly and then increased, which is in tune to the 
literature range [24]. This is due to the reduction of rockwool fiber and increase of metallic fibers. Brake 
roughness is dependent on porosity [22]. In RF4 and RF0 due to lower content of rockwool fiber porosity 
decreases. Higher volume of metallic fiber decreases the hardness of the specimen. 
3.2 Wear 
The specific wear rate of the composite as a function of time is shown in figure 1. It was observed that with 
the progressive increase in the steel fiber content consistently reduces the weight loss and thickness loss of 
the composite indicating that presence of steel fiber is responsible for wear in the friction material. For in-
stant, highest wear rates were observed for RF20. It indicates that the surplus rockwool fiber appears which 
form a improper ratios among the other ingredients. Wear is dependent [19] on hardness, thermal stability of 
the ingredient and integrity of the composite that is mainly determined by the effectiveness of the reinforce-
ment. 
 In case of SF20 and RF8 SF12  has the lowest wear rate were observed. Although this is a good result 
in terms of wear resistance, this condition results in higher friction coefficient values which scratch the brake 
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drum along the sliding direction [20] and also a portion of compressed layer of lining material is eventually 
established on the cast iron counterface, forming a film of glaze and some wear particle are produced during 
the initial bedding in process [21].  Meanwhile RF12 SF8 and RF8 SF12 showed the best wear performance 
suggesting this type of reinforced sample has longer life. This may be due to metal chips  is nearly equal to 
the mineral fibre which supresses the wear and enhances frictional performances. The improved wear re-
sistance of the friction material is attributed to the inherent wear resistance of steel with rockwool fibre. 
 
 













Figure 2: Average specific wear rate as a function of varying fiber content 
 The average specific wear rate of the specimen with different composition of steel and rockwool fibre 
is shown in figure 2. From the result it is clear that the highest wear resistance was obtained for SF20 but the 
friction coefficient decreases for the same specimen. In particular the average specific wear rate of the RF20 
specimen was about 10.3% higher than the RF16 SF4, which indicates that the fade resistance of the material 
decreased [19]. The specimen with steel fibre 12%  produced a wear resistance high with a good friction co-
efficient values. This is certainly an interesting result and further investigation is in progress to understand 
the interaction with other ingredients. 
3.3. Friction stability 
The graphical representation of the time dependency of coefficient of friction (COF) is depicted in figure 3. 
The addition of rockwool fibre increases the value of friction coefficient. Increase in COF value for the com-
position of steel fibre higher than 12% is connected with the chip or particulate structure of steel fibre which 
reduces the binding strength. RF8 SF12 and RF20 exhibited a relatively stable friction coefficient  through-
out the entire test. This indicates that a stable friction layer was developed after a short run. Neither judder 
nor rapid changes of the friction coefficient occured in these specimen [22]. 
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 SF20 RF0 showed a continous increase in the friction coefficient between 900 and 1600s [20] is often 
associated with the adhesion of metal chips in the brake lining to the friction surface of the cast iron disc. 
Except RF4 SF16 and SF20, the COF decreased approximately 8% during the rotational speed of the counter 
disc increased by 200 rpm. This suggests that the increase in rotational speed of the counterpart affect the 
friction level for the same composition of the reinforcement [23].  
 RF16 SF4 showed the sudden loss of friction coefficient in the rotational speed range of 1000-1300 
rpm. The drastic decrease of friction coefficient indicates that the rockwool fibre are detached from the bind-
er resin during sliding at higher rotational speed [24]. COF decreased at 300 rpm by increasing steel fiber 
content 8%; however, in the later stage i.e., at 500 rpm and 700rpm COF increased.  From the figure 4 it is 
clear that friction coefficient decreases with an increase of rockwool fibre content. This cause a lowering of 
brake force in the case of  higher braking force, therefore,it is undesirable result. In beginning sudden de-
crease of COF is observed for SF20 due to test conducted before a stable friction layer was developed [25]. 































Figure 4: [COF]avg and [COF]max - [COF]min as a function of varying fiber content 
 Figure 5 shows the average oscillation amplitude of COF with different composite. By using this data 
the intensity of the oscillation of COF during sliding over a brake drum was examined. It is an important as-
pect in the brake performance since the noise propensity and brake roughness are directly associated with the 
friction force oscillation during braking. The curve shows that when speed is increased on the grey cast iron 
disc, the oscillation amplitude of the friction coefficient is decreased for both steel and rockwool fibre. 
 Oscillation amplitude of COF is high for SF20 and a sudden drop is observed when the amount of SF 
is reduced. This result suggest that steel fibre is an important parameter among SF and RF for sensitivity of 
COF during sliding contact between the pad and disc. 




Figure 5: Effect of oscillation amplitude of COF as a function of RPM  































Figure 6 (a,b,c,d,e and f): SEM images taken from the specimen after the wear test on varying fibre content. 
STEPHEN BERNARD, S., JAYAKUMARI, L.S. revista Matéria, v. 21, n. 3, pp. 656 – 665, 2016. 
662 
 
The wear surface of the sample after the friction test were observed using an SEM with energy dispersive X-
ray analysis is shown in figure 6 (a-f). The SEM images show when the steel fibre particles were less in con-
tent, they were easily released from the lining surface. On the other hand when the steel fibre content is in-
creased, the fibres were firmly bound in the resin and tended to abrade the disc, resulting in less wear amount 
in lining surface. Interesting aspect for RF8 SF12 and RF12 SF8 lining surface were not tending to damage 
even though the rotational speed of the disc is increased. 
 The thick friction layer is developed on the surface of RF8 SF12. It indicates that the friction layer 
covering the friction surface diminishes the abrasive effect of the glassy phase by eliminating the sharp edges 
of the composite and smoothening the friction surface [24]. 
 The figure shows larger contact plateaus in the case of specimen RF12 SF8 while transient patches are 
observed in RF8 SF12. The contact plateaus form the real contact area in developing friction forces. The 
primary contact plateaus are formed due to the low removal rate of wear resistant RF12 specimen. The con-
tact plateaus are formed due to wear debris and a gap between the specimen and the cast iron disc. The di-
mensions and composition of those plateaus includes a vital influence on the frictional stability of the speci-
men [26]. These imperfect contact areas enable smaller particles to pass between plateaus. In RF12, second-
ary contact plateaus are formed by thin solid film generated as a consequence of sliding contact that is ad-
hered on its parent worn surface with sintered debris. When the applied pressure is reduced large portions of 
these solid film areas peel off in flakes [28]. It is seen that the smaller micro voids occurred in the sample 
having larger rockwool fibre. The larger size micro voids are observed  in the increase of steel fibre particles 
after the friction test. This is due to the loosening of the metallic particles during the friction and it indicates 
that metal-component coherent surface is larger, friction and wear will be increased [27]. 
 Figure 7 shows the EDS analysis result taken from the black areas of the RF8 SF12 specimen while 
figure 8 shows the EDS analysis result taken from white areas of the same specimen. From both analyses it is  
observed that all the chemical elements are present in black and white areas except potassium which is not 
related to steel and rockwool fibres. It indicates that steel and rockwool fibres are homogeneously mixed 













Figure 7: EDS analysis result taken from the black areas of the R8 specimen 











Figure 8: EDS analysis result taken from the white areas of the R8 specimen 
3.5 Environmental effect 
 
Table 3: The Variation of weight for each sample in water, salt water and oil 
 Specimen Water  
wt (%) 




RF20 3.284 5.371 6.197 
RF16 2.943 4.176 7.231 
RF12 3.782 4.97 5.316 
RF8 3.146 5.138 5.684 
RF4 2.374 4.376 6.236 
RF0 2.828 4.241 6.197 
  
It is seen that variation of mass for each sample has been obtained for different environmental conditions 
after the wear test is tabulated in table 3. COF value is higher for the specimen SF20, though there is smaller 
absorption of water in this specimen compared to other specimen. It is clearly noted that when the quantity of 
rockwool fibre is high, it increases the absorption of water, salt water and oil. It is mostly related to the per-
meability of fibre and a lower degree of resistance to all naturally occurring chemical, biological and envi-
ronmental factors. For all specimen absorption of oil is high compared to water and salt water. RF8 SF12 
with absorption of oil has only 9% increase compared to salt water. Environmental test reveals some more 
interesting phenomenon that reinforcing fibres were not influenced absorption of oil much higher as like oth-
er ingredients.  
4. CONCLUSION 
The effect of reinforcement on the friction characteristics, mechanical properties and its morphology were 
investigated using six friction materials. Friction characteristic such as wear resistance, coefficient of friction, 
oscillation amplitude of COF were measured by using win ducom friction tester. The conclusion from this 
work can be summarized as follows. 
 1. The friction coefficient is dependent on both steel and rock wool fiber. More than 12% of steel fiber 
increases the value of COF higher than 0.45 which affects the performance of braking. 
 2. A greater oscillation amplitude of COF was observed with high steel fiber content due to chip for-
mation or particulate structure of steel fiber. Bulk density, compressibility and porosity increased in RF4 and 
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RF0 due to large content of steel fiber. Hardness decreases consistently when a rockwool fiber is smaller in 
content. 
 3. On the other hand wear resistance has been observed to decrease consistently with an increase in 
rock wool fiber. The specimen with steel fiber 12% produced a high wear resistance with a good friction co-
efficient values. 
 4. Addition of rock wool fiber may lead to smaller size microvoids, however larger size microvoid 
strongly depend on increase of steel fiber. Larger contact plateaus are formed in RF12 while transient patches 
are observed in RF8. 
 The result summarized above suggest steel and rockwool fibre combination for the best tribological 
properties used for brake lining application are 12% steel fibre and 8% rockwool fibre which could potential-
ly lead to an optmized overall performance. 
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